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Abstract 
The sense of agency (SoA) refers to the subjective feeling that an individual 
can control their own action with their own will. However, it is still unclear 
which aspects of the motor control process precisely affect the sense of agen-
cy. In this study, we investigated how the SoA is modulated by the online 
motor performance (trajectory error) and the outcome of the reaching 
movement (endpoint error). The results showed that the invalid priming and 
the visual feedback delay significantly increased both the trajectory and end-
point errors and that these errors significantly attenuated the SoA. The further 
correlation analyses showed that the decrease in SoA was significantly corre-
lated with the trajectory error, but not with the endpoint error, when the error 
was explicitly noticed. We suggest that the deterioration in online motor per-
formance, at least in a reaching movement, is the main cause of the attenua-
tion in the SoA. 
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1. Introduction 

One of the fundamental aspects of self-body recognition is the feeling that a 
person’s bodily movements are caused by themselves, which is called the sense of 
agency (SoA) (Gallagher, 2000). Previous studies have proposed the comparator 
model to explain the mechanism of the SoA (Blakemore et al., 2000; David et al., 
2008). In this model, copies of motor commands (the efference copy) are sent to 
the “internal forward model” to predict the sensory feedback that will be ac-
quired as the outcome of movement (Wolpert & Ghahramani, 2000). The pre-
diction is compared with the actual sensory feedback information, and the result 
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of the comparison, known as the prediction error, is used to correct the move-
ment error (i.e., feedback control). The SoA is said to occur if the prediction is 
consistent with the actual feedback. Any mismatch leads to a feeling “the move-
ment is not me”. 

Previous studies have studied the extent to which spatial or temporal devia-
tions in feedback attenuate the SoA (Blakemore et al., 1999; Farrer et al., 2003; 
Franck et al., 2001; Ismail & Shimada, 2016; Sato & Yasuda, 2005; Shimada et al., 
2010; Van Den Bos & Jeannerod, 2002; Wen et al., 2015a, 2015b, 2016, 2017). 
Shimada et al. (2010) inserted various time delays in the visual feedback to par-
ticipants who were moving their hand. The authors instructed the participants to 
judge whether the observed hand movements were delayed with respect to their 
own movement. The results showed that participants began to notice the delay 
when it exceeded about 200 ms. Ismail and Shimada (2016) investigated the SoA 
against an observed hand that reflected participants’ hand movements with var-
ious delays. The results indicated a decrease in the SoA if the visual feedback was 
delayed by 300 ms or more, suggesting that temporal consistency of less than 
about 200 ms is required for the occurrence of SoA. The temporal mismatch 
between actual movements and its online feedbacks would attenuate the SoA al-
though the intended movement will be found to be achieved later. 

The SoA occurs when the intended result is obtained by one’s own action, but 
humans do not always feel in control of the outcome or their body, even if the 
intent is merely consistent with the outcome: one will not feel the SoA when he 
pitched away the garbage from the trash box if he had pushed by someone at the 
moment he threw it. The question we address here is to what extent the proxim-
al action performance (e.g., trajectory of the throwing garbage) and the distal 
outcome (e.g., whether the garbage entered the trach box) affect the SoA, respec-
tively. Although, recent studies have suggested that stronger SoA occurs by ac-
quiring the intended outcome via the intended movement process (Caspar et al., 
2015, 2016), how the online movement process and the outcome affect SoA is 
largely uninvestigated. 

In the present study, we investigate how the SoA is modulated by errors in 
movement control to achieve the intended outcome. In so doing, we employed a 
reaching task, which is performed by feed forward and feedback control. The 
feed forward control is driven mainly by using inverse model generating a motor 
command on the basis of the desired outcome; and the feedback control be-
comes active in the latter half of the movement to adjust and end the reaching 
motion (Desmurget & Grafton, 2000; Osumi et al., 2017). We present spatial 
priming stimuli in either the identical (valid) or opposite (invalid) direction to 
the goal position before the movement. It is assumed that invalid priming biases 
the information of the goal position to the opposite direction at the stage of the 
initial trajectory determination. A motor command based on the incorrect tra-
jectory determination should cause the feed forward control error (trajectory 
error). On the other hand, we introduced a delay in the visual feedback to induce 
a feedback control error in the reaching movement. When the trajectory error 
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occurs, trajectory is recomputed and adjusted in real time (Todorov & Jordan, 
2002). However, if a delay is inserted to the visual feedback, this adjustment was 
generated based on the false feedback of the hand position and velocity, and the 
adjusted motor command will be wrong, which will cause the trajectory error, as 
well as the endpoint error, which represents the distance between the goal and 
the final hand position in the reaching movement. In summary, we introduced 
motor control errors in a reaching movement through the invalid priming and 
visual feedback delay, in order to investigate how online motor performance and 
outcome of the movement affect SoA. 

2. Material and Methods 
2.1. Participants 

Seventeen healthy students with normal motor performance (two females, mean 
age ± S.D. = 22.1 ± 1.2, range 20 - 25) participated in the experiment. According 
to Chapman’s handedness inventory (Chapman & Chapman, 1987), all subjects 
were right-handed (mean score 13.7, S.D. ± 1.1). They had normal or cor-
rected-to-normal visual acuity. Written informed consent was obtained from all 
participants. The experiments were approved by the ethics committee of the 
School of Science and Technology, Meiji University, and conducted according to 
the principles and guidelines of the Declaration of Helsinki. 

2.2. Apparatus 

The participants sat at a table with a 12.9" touch panel display device (2732 × 2048 
resolution, 264 ppi, refresh rate 60 Hz; iPad Pro, Apple, USA) and placed their 
right hand on the table (Figure 1). A double-sided mirror was installed above the 
table. The image of the touch panel and the participants’ hands, which was re-
flected in the backside of the mirror, was filmed using a video camera 
(HDR-CX670, Sony, Japan). The filmed images were presented on a liquid-crystal 
monitor (LMD-232W, SONY, Japan) set above the mirror. Hence, the participants 
could see the reflected image of the touch panel display and their hands on the 
front side of the mirror. The angle of the mirror was finely adjusted before the ex-
periment so that the touch panel display image appeared to the participants as if 
placed horizontally on the apparatus. Visual feedback delay was introduced using a 
hardware device (EDS3305, Eletex, Japan) connected between the video camera 
and the LCD monitor. The intrinsic delay of the visual feedback was approximate-
ly 88 ms, as measured by a high-speed camera (EX-F1, CASIO, Japan). 

2.3. Procedure 

Participants performed a reaching task in which they were asked to swipe their 
right index finger from the home position to either the left or right side goal area 
displayed on the touch panel display device (Figure 2). As the priming stimulus 
of the goal direction, the edge of either the left or right goal area flashed red for a 
period of 33 ms some 2000 ms after the home position was tapped. Two kinds of 
priming condition were used: compatible direction (valid) and incompatible 
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Figure 1. Experimental setup. Subjects conducted the reaching task on the touch panel 
display. Images of the hand and touch panel display were filmed by a camera via the 
back-side of the mirror. Visual feedback delay was inserted to the filmed image and par-
ticipants observed the reflected image displayed on an LCD monitor. 
 

 
Figure 2. Schematic of trial procedure and stimuli. Participants were instructed to swipe 
their right index finger from the home position to either the left or right goal. Two 
seconds after touching the home position, a priming stimulus was displayed at identical 
(valid priming) or opposite (invalid priming) positions with respect to the goal. The goal 
area and the central square turned red 200 ms after the priming stimuli appeared, signi-
fying the go cue. Participants were instructed to fixate on the central square and start 
movement as soon and as accurately as possible at the go cue. 
 
direction (invalid) with respect to the goal direction. The central square and ei-
ther the left/right goal position became red 200 ms after the priming stimulus, 
indicating the movement cue and goal position. Participants were instructed to 
fixate on the central square and start reaching toward the indicated goal position 
via the central square as soon and as accurately as possible after the go cue. The 
trajectory was not displayed on the touch panel display so that participants could 
not confirm the trajectory error after the task. 

Each experiment consisted of four blocks of 56 trials, each with a 3-min in-
ter-block interval. Seven visual feedback delay conditions were applied for each 

https://doi.org/10.4236/psych.2017.814146


T. Zama et al. 
 

 

DOI: 10.4236/psych.2017.814146 2325 Psychology 
 

trial in random order: the delay ranged from 121 - 319 ms in 33-ms intervals. 
Valid- and invalid-priming conditions were randomly intermixed within each 
block at a 3:1 ratio. The number of trials was equal in the left- and right-reaching 
directions, and the order of the reaching direction was random. Therefore, each 
participant conducted a total of 224 reaching tasks. 

Participants judged whether the observed hand image was exactly synchro-
nized with their hand movement (i.e., whether the visual feedback delay was 
present or absent) and indicated the extent of their agreement or disagreement 
with an eight-statement questionnaire adopted from previous studies on SoA 
(Kalckert & Ehrsson, 2012; Shimada et al., 2010) as following: 1) “The observed 
hand moved just like I wanted it to, as if it was obeying my will.” 2) “I felt as if I 
was controlling the movements of the observed hand.” 3) “I felt as if I was caus-
ing the movement I saw.” 4) “Whenever I moved my hand, I expected the ob-
served hand to move in the same way.” Every question was rated on a 7-point 
Likert scale ranging from “−3” (totally disagree) to “+3” (totally agree), with “0” 
indicating neither agreement nor disagreement. 

2.4. Data Analysis 
2.4.1. Analysis of Delay-Detection Performance 
The detection probability of visual feedback delay for each delay condition and 
priming condition was calculated for each participant. To estimate each observ-
er’s delay detection threshold (DDT), representing the delay length at which the 
delay detection probability is 50%, logistic curves were fitted to each partici-
pant’s responses based on the following formula (Afraz et al., 2006; Shimada et 
al., 2010, 2014): 

( ) ( ){ }( )1 1 exp DDTP t a t t= + − −               (1) 

where t is the visual feedback delay length, P(t) is the probability of making an 
asynchronous judgment, a indicates the steepness of the fitted curve, and tDDT 
indicates the DDT. The fitting was performed using a nonlinear least-squares 
method with a trust-region algorithm provided by the Curve Fitting Toolbox in 
Matlab 9.1 (MathWorks, Natick, MA). In this study, t served as an independent 
variable and P(t) represented the observed data. Paired t-tests were conducted to 
the parameters a and tDDT to investigate the influence of the priming stimuli on 
the delay-detection performance. 

2.4.2. Analysis of Reaching-Task Performance and SoA 
Movement onset and offset were determined as the times at which the hand ve-
locities increased beyond and decreased below 10 mm/s, respectively (Messier & 
Kalaska, 1999; Igarashi et al., 2011). The performance in the reaching task was 
evaluated by the endpoint error and the reaching trajectory error. The endpoint 
error was defined as the distance from the center of the goal area to the endpoint 
of each trial. The trajectory error was defined as the area enclosed by the trajec-
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tory of each trial and the mean trajectory in minimum-delay and valid- priming 
conditions, reflecting the error from the ideal trajectory traced under the mini-
mum disturbance condition. We applied two-way (priming × delay) re-
peated-measure analyses of variance (ANOVA) separately to the endpoint error, 
trajectory error, and SoA as evaluated by the questionnaire. 

3. Result 
3.1. Reaching Task Performance 

Some trajectories were attracted in the opposite direction to the goal in the 
invalid condition (Figure 3(a)). Figure 3(b) shows the endpoint error averaged 
across all participants. Two-way ANOVA revealed significant main effects 
 

 
(a)                                   (b)                                  (c) 

 
(d)                                   (e)                                  (f) 

Figure 3. Motor performance, SoA score, and delay detection performance. (a) Typical trajectory of a participant. Black lines de-
note trajectories averaged across those under the minimum delay and valid condition. The broken lines denote trajectories in the 
invalid priming condition. Trajectories in the invalid priming condition are biased in the opposite direction with respect to the 
goal; (b) Endpoint error, defined as the distance from the center of the goal to an endpoint; (c) Trajectory error, defined as the 
area enclosed by a trajectory of each trial and the mean trajectory; (d) Delay detection curves for valid and invalid priming condi-
tions averaged across all participants. The delay detection threshold, representing the delay length at which the delay detection 
probability is 50%, was decreased by the invalid priming stimulus; (e) Average velocity, calculated by averaging the velocity from 
movement onset to end of the movement; (f) SoA score, calculated by averaging the questionnaire ratings across items 1 - 4. (b) 
(c) (e) (f) Two-way (priming × delay) repeated-measure ANOVA showed the main effects of priming and delay in the movement 
error and SoA score. In all indices, the black bar denotes data from the valid condition, whereas the white bar indicates data from 
the invalid condition. All error bars denote standard error. 
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caused by priming (F(1, 16) = 24.31, p < 0.001, 2
pη  = 0.60) and delay (F(6, 96) 

= 12.00, p < 0.001, 2
pη  = 0.43). There was no significant interaction between 

these factors (F(6, 96) = 0.60, p = 0.73, 2
pη  = 0.04). Subsequent analysis showed 

that the arrival-point errors for delays of 121, 154, and 187 ms were significantly 
smaller than those for delays of 253, 286, and 319 ms, and the endpoint error for 
delays of 220 ms was smaller than that of 319 ms (Tukey’s honestly significant 
difference (HSD) test, p < 0.05). Figure 3(c) depicts the grand-averaged trajec-
tory error for the valid and invalid conditions. Two-way ANOVA revealed sig-
nificant main effects caused by priming (F(1, 16) = 11.35, p < 0.01, 2

pη  = 0.42) 
and delay (F(6, 96) = 3.34, p < 0.01, 2

pη  = 0.17). There was no significant inte-
raction between these factors (F(6, 96) = 0.67, p = 0.67, 2

pη  = 0.04). Subsequent 
analysis showed that the trajectory error for delays of 121 ms was significantly 
smaller than those for delays of 253, 286, and 319 ms (Tukey’s HSD test, p < 
0.05). In consideration of the effect of speed accuracy tradeoff, we calculated the 
reaction time (RT), and applied ANOVA to the average velocity like other beha-
vior date. The averaged RT for valid condition was 555 ms, while the averaged 
RT for invalid condition was 565 ms. There was no significant difference be-
tween the RTs (t(16) = −1.80, p = 0.09). The two-way ANOVA for average ve-
locity showed the significant main effect on delay (F(6, 96) = 8.10, p < 0.001, 2

pη  
= 0.34), indicating that the average velocity became slowly as increasing visual 
feedback delay. We did not find any other significant main effect or interaction 
(p > 0.05). 

3.2. Discrimination Threshold of Visual Feedback Delay 

For all participants, the probability of delay detection became larger as the visual 
feedback delay increased in both the valid and invalid conditions (Figure 3(d)). 
The fitted curves for delay-detection probabilities show that the DDT of invalid 
conditions was significantly shorter than that of valid conditions (t(16) = −2.54, 
p < 0.05): the DDTs of invalid/valid conditions were 209.9 and 216.7 ms, respec-
tively. There was no significant difference between the slopes of the curves of va-
lid and invalid conditions (t(16) = 1.25, p = 0.23). 

3.3. SoA 

For the averaged ratings of the questionnaire items, there were significant main 
effects caused by priming (F(1, 16) = 7.64, p < 0.05, 2

pη  = 0.32) and delay (F(6, 
96) = 45.30, p < 0.001, 2

pη  = 0.74), and no significant interaction between these 
factors (F(6, 96) = 1.90, p = 0.089, 2

pη  = 0.11) (Figure 3(f)). Subsequent analy-
sis (Tukey’s HSD test) showed that there were significant differences within all 
pairs of conditions, except between the pairs of 121 and 154 ms, 154 and 187 ms, 
187 and 220 ms, 253 and 286, and 286 and 319 ms (p < 0.05). 

3.4. Correlation between SoA and Detection of Motor Control  
Error 

The SoA significantly decreased when the delay length exceeded 220 ms which 
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was near the DDT. To examine the factors that impacted SoA, we carried out 
Pearson’s correlation analysis between the delay detection rate and the SoA. The 
result showed s significant correlation (r2 = 0.36, p < 0.01), indicated that the 
SoA decreased when participants explicitly noticed the visual feedback delay 
(Figure 4). 

Further, we applied correlation analyses using only the trials in which partici-
pants explicitly noticed the delay. We found a significant correlation of the SoA 
with the trajectory error (r2 = 0.18, p < 0.01, Bonferroni-corrected) (Figure 
5(a)), but not with the endpoint error (r2 = 0.06, p = 0.21, Bonferroni-corrected) 
(Figure 5(b)). 

4. Discussion 

In this study, we investigated how the SoA is modulated by the online motor 
 

 
Figure 4. Correlation analysis between the SoA and the delay-detection rate. The delay- 
detection rate significantly correlated with the sense of agency (r2 = 0.36, p < 0.01). 
 

  
(a)                                         (b) 

Figure 5. Correlation analyses between the SoA and motor performance. (a) The signifi-
cant correlation between the sense of agency and the trajectory errors (r2 = 0.18, p < 0.01); 
(b) The non-significant correlation between the sense of agency and the endpoint errors 
(r2 = 0.06, p = 0.21). 
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performance (trajectory error) and the outcome of the reaching movement 
(endpoint error). The results showed that the invalid priming and the visual 
feedback delay significantly increased both the trajectory and endpoint errors 
and that these errors significantly attenuated the SoA. The further correlation 
analyses showed that the decrease in SoA was significantly correlated with the 
trajectory error, but not with the endpoint error, when the error was explicitly 
noticed. We suggest that the deterioration in online motor performance, at least 
in a reaching movement, is the main cause of the attenuation in the SoA. 

Our results that the SoA decreased when the visual feedback delay exceeded 
about 200 ms is consistent with various previous studies (Franck et al., 2001; Is-
mail & Shimada, 2016; Sato & Yasuda, 2005; Shimada et al., 2010; Wen et al., 
2015a, 2015b, 2016, 2017). Wen et al. (2017) instructed participants to move a 
cursor to a goal by pushing control buttons. The cursor responded with various 
delay. The structural equation modeling showed the causal relation that the SoA 
decreased by detecting the delay. Shimada et al. (2010) inserted various time de-
lays in the visual feedback to participants who were moving their hand. The au-
thors instructed the participants to judge whether the observed hand movements 
were delayed with respect to their own movement. The results showed that par-
ticipants began to notice the delay when it exceeded about 230 ms. Ismail and 
Shimada (2016) investigated the SoA during observations of a virtual hand 
movement that reflected participants’ own hand. They found that the SoA de-
creased when the visual feedback delay of the hand movement exceeded 300 ms. 
These findings suggest that the SoA would be maintained when the temporal 
mismatch between the actual movement and its sensory feedback is less than 200 
ms. 

Previous studies have demonstrated that conceptual priming affects the SoA 
(Aarts et al., 2005; Chambon & Haggard, 2012; Damen et al., 2014; Moore et al., 
2009; Sato, 2009; Sidarus et al., 2013; Wenke et al., 2010). Sato (2009) presented 
the word “blue” or “red” as a prime stimulus just before the participant made a 
button-press to cause a blue or red circle to be appeared on the monitor, and 
found that the SoA was enhanced by the conceptual congruency between the 
prime word and the action effect. Other studies showed that the fluent action se-
lection by priming enhanced the feeling of control over the action outcome, even 
when the prime did not improve the predictability of the outcome (Chambon & 
Haggard, 2012; Wenke et al., 2010). Our study expands the previous findings in 
that the SoA is also affected by sensorimotor priming, rather than conceptual 
priming. It should be noticed that there was no significant difference in RTs be-
tween the valid and invalid conditions, indicating that the SoA was not mod-
ulated by influent action selection. 

Synofzik et al. (2008) proposed a two-step account of agency consisting of the 
“feeling of agency (FoA)” and “judgement of agency (JoA)”: the FoA is the non- 
conceptual feeling of being the agent at the sensorimotor level, which merely re-
flects whether the action was self-caused or not. In case there exists a mismatch 
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between an action and its sensory feedback, we experience the action as strange, 
peculiar and not fully done by me, and then the sense of agency is further inves-
tigated by with conceptual factors like intentions, contextual cues, and social 
cues, which resulted in JoA. Several previous studies have demonstrated that the 
JoA occurs when it is retrospectively confirmed that the outcome of action was 
consistent with the desired or expected outcome (Farrer et al., 2013; Sato & Ya-
suda, 2005; Wegner et al., 2004; Wen et al., 2015a). In this study, however, the 
endpoint errors, which reflect the final outcome of a reaching movement and 
hence relevant to JoA, did not affect SoA. This indicates that JoA is not a critical 
factor for SoA in our experiment. Rather, attenuation of SoA was significantly 
correlated with the amount of the trajectory error, which reflects errors in online 
motor control process, and hence presumably relevant with FoA. Thus, we con-
sider that SoA in a reaching movement arises mainly based on FoA, not on JoA, 
during online motor processing. 

5. Conclusion 

This study aimed to examine which aspects of the motor control process pre-
cisely affect the sense of agency (SoA). Our results showed that the invalid 
priming of goal position and visual feedback delay increased both trajectory and 
endpoint errors in a reaching movement, which eventually decreased the SoA. 
We suggest that the SoA, at least in a reaching movement, is largely affected by 
explicit awareness of sensory prediction errors used in the online motor control 
process, rather than inconsistency between the desired goal and the final out-
come. Our novel technique can contribute to elucidating of the mechanism of 
“feeling of agency” disability on self-body. 
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